Comparison of cultured skin substitutes (CSSs) and split-thickness autograft (STAG) was performed to assess whether the requirement for autologous skin grafts may be reduced in the treatment of massive burns.
Summary Background Data
Cultured skin substitutes consisting of collagen-glycosaminoglycan substrates populated with autologous fibroblasts and keratinocytes have been demonstrated to close full-thickness skin wounds in athymic mice and to express normal skin antigens after closure of excised wounds in burn patients.
Methods
Data were collected from 17 patients between days 2 and 14 to determine incidence of exudate, incidence of regrafting, coloration, keratinization, and percentage of site covered by graft (n = 17). Outcome was evaluated on an ordinal scale (0 = worst; 10 = best) beginning at day 14, with primary analyses at 28 days (n = 10) and 1 year (n = 4) for erythema, pigmentation, epithelial blistering, surface roughness, skin suppleness, and raised scar.
Results
Sites treated with CSSs had increased incidence of exudate (p = 0.06) and decreased percentage of engraftment (p < 0.05) compared with STAG. Outcome parameters during the first year showed no differences in erythema, blistering, or suppleness. Pigmentation was greater, scar was less raised, but regrafting was more frequent in CSS sites than STAG. No differences in qualitative outcomes were found after 1 year, and antibodies to bovine collagen were not detected in patient sera.
Conclusions
These results suggest that outcome of engrafted CSSs is not different from STAG and that increased incidence of regrafting is related to decreased percentage of initial engraftment. Increased rates of engraftment of CSSs may lead to improved outcome for closure of bum wounds, allow greater availability of materials for grafting, and reduce requirements for donor skin autograft.
Skin substitutes for permanent closure of acute and chronic wounds include keratinocyte sheets applied to fascia or allodermis,'14 or cell-biopolymer composites.59 Wound closure with autologous or allogeneic skin cells after full-thickness excision of skin has been reported anecdotally for treatment ofburns, giant congenital nevi, excised tattoos, and chronic skin ulcers.'1 '6 However, comparative assessment of the safety and effectiveness of skin substitutes to the prevailing standard ofskin repair, split-thickness skin autograft (STAG) is lacking.
Guidelines for assessment ofwound repair and regeneration in skin have only recently become established for chronic wounds. 17 Although rating of the burn scar has been reported, ' 
MATERIALS AND METHODS Experimental Design
The paired-site comparison format was used to evaluate cultured cell-collagen-glycosaminoglycan (GAG) skin substitutes and STAG for closure of full-thickness, excised burns. An unblinded study was performed in a prospective, randomized design, with each pair in the same patient on wounds of similar area and depth. After selection, site A was defined as the right-most, uppermost, or front-most location. Site B was defined as the left-most, lower-most, or rear-most location. Treatment of site A or B with CSS or STAG was randomized according to enrollment number by a computer-generated schedule before initiation of the study. 
Wound Treatment
Before excision, wounds were treated according to prevailing standards ofcare at the local burn center. In cases of burns involving very large areas of the body surface, eschar was excised and wounds were covered temporarily with human cadaveric allograft. One day before skin grafting, enrolled patients had eschar or allograft excised to viable tissue that most frequently was subcutaneous fat. Excised wounds were irrigated overnight in a solution of 5% (w/v) mafenide acetate, and grafted the following day.3' Excised wounds were irrigated thoroughly with saline to reduce the residual concentration of mafenide acetate, which is known to be highly toxic to cultured keratinocytes.32 After preparation ofthe wound bed, meshed or unmeshed STAG was applied to one site, CSSs covered with polypropylene mesh (N-Terface; Winfield Laboratories, Richardson, TX) to the other site, and both were secured to wounds with surgical staples. Both grafts were covered with fine mesh gauze, and bulky gauze containing red rubber catheters for delivery of irrigation fluids. Bulky gauze was held in place with spandex fabric that was stretched across the graft site and stapled to surrounding uninjured skin.
Wound dressings were cared for as described in previous studies. 
Endpoints
Two sets ofendpoints were evaluated. Between days 2 and 14, data to determine engraftment were collected that included expression of exudate (% of days), coloration, keratinization, and percent of site covered by graft. On day 14, an "investigators global assessment" was completed, and if any keratinized epithelium formed on the CSS site, that patient continued in the study. After day 14, data were collected to evaluate qualitative outcome for areas that developed keratinized epithelium. Parameters ofqualitative outcome included the following: erythema, pigmentation, epidermal blistering, surface texture, skin suppleness, and raised scar. All parameters of engraftment and outcome were assessed on a semiquantitative, ordinal scale, with 0 representing a poor result and 10 representing an optimal result. One exception to this general scoring system included pigmentation, in which a score of 5 represented normal pigmentation ofuninjured skin ofthe patient, 0 represented hyperpigmentation, and 10 represented hypopigmentation. Individual values for each observation represented the mean of wound percentages X respective ordinal scores, where the sum ofall percentages = 100 (e.g., [25% X 4] + [75% X 8] = 7). Percent area of epithelial engraftment was scored for each patient at day 14 and day 28. Incidence of regrafting for graft failure was scored as an absolute event for each patient. Expansion ratio of skin biopsies for CSSs was determined by planimetric measures ofepithelialized areas of CSS sites at day 28.
Enzyme-Linked Immunosorbent Assay to Bovine Collagen
To test for antibodies to bovine collagen in CSSs, control sera were prepared by inoculation of rabbits (n = 2) with homogenized collagen-GAG substrates together with Ribi's adjuvant.35 All sera were tested at a dilution of 1:200. Preimmune sera from rabbits and humans were collected and frozen at -70 C. Sera were collected 28 days after CSS grafting from nine patients who received a single treatment, and two patients who received multiple treatments with CSSs. Enzyme-linked immunosorbent assays consisted ofcoating microtiter plates with homogenized collagen-GAG substrates, air-drying, reacting with test sera and chromogen formation to bound antibodies with secondary antibodies conjugated with peroxidase, and spectrophotometry. Data were collected as OD490 from colorimetric solutions, and expressed as percent control (immunized rabbits).
Data Collection and Biostatistics
Between days 2 and 14, data were collected on each day (n = 17). After day 14, data for qualitative outcome were collected from each paired site on each patient during five observation periods defined as follows: 1) 15 to 30 days (n = 11); 2) 1 to 2 months (n = 10); 3) 3 to 4 months (n = 9); 4) 5 to 12 months (n = 5); and 5) 1 year and later (n = 4). Because return to the clinic was scheduled according to patient needs, grouping of qualitative data into observation periods was more pragmatic than collection of data at specific time points. Data Figure 1 . Histologies of a cultured skin substitute and split-thickness autograft. Top panel: cultured skin substitute is organized into epithelial and connective tissue compartments analogous to native skin; epithelium is partially stratified and keratinized, and total graft thickness does not exceed 0.5 mm. Bottom panel: split-thickness autograft is distinguished from cultured skin substitute by fully keratinized epithelium, and presence of a vascular plexus in the dermis. Scale bar = 0.1 mm.
differences between treated sites that were scored on ordinate scales. These endpoints included: 1) percent of days exudate; 2) coloration; 3) keratinization; 4) percent of site covered; 5) erythema; 6) pigmentation; 7) epidermal blistering; 8) external surface; 9) skin suppleness; and 10) raised scar.
RESULTS
Histology of a CSS and STAG are shown in Figure 1 . The skin substitute had general organization into epithelial and connective tissue compartments, epithelium was stratified, and total thickness was similar to STAG. Two anatomic features distinguished the skin substitute from native skin tissue-lack of a vascular plexus and incomplete keratinization ofthe cultured epithelium. These deficiencies imposed requirements in the skin substitute for longer time of vascularization and resulted in slower keratinization.
Clinical appearance 5 months after contralateral application of CSSs and STAG in patient 33 is shown in Figure 2 . Wound closure on both sites was complete and stable. Cultured skin substitutes (patient's right), applied as sheet grafts, developed relatively smooth, supple skin tissue with hyperpigmentation. Split-thickness autograft (patient's left), applied as 4:1 meshed autografts, retained the meshed pattern and was less pigmented than CSSs.
Comparative engraftment of CSSs and STAG at 14 days and 28 days is shown in Figure 3 . Patients 5 through 17, who were enrolled earlier in the study, had complete Contralateral grafting of cultured skin substitute sheets to patient's right trunk, and meshed split-thickness autograft to patient's left trunk compares gross appearance. General outcome with cultured skin substitutes shows complete wound closure and very favorable functional and cosmetic outcome with hyperpigmentation in healed skin. split-thickness autograft remains mildly erythematous, the mesh pattern is easily perceptible, and healed skin is hypopigmented.
or nearly complete failure of CSSs, and were regrafted (Fig. 3A) . However, as experience was gained, engraftment in patients 18 through 38 increased to 50% to 90% of the grafted area. These differences represent the clinical learning curve with the experimental material. Similarly, Figure 3B shows that percentage of engrafted epithelium of CSSs at day 28 in patients 18 Figure 4 . Coloration ofwounds (Fig. 4A ) was more pink to red for CSSs than for STAG, which was more pink to white. Keratinization of treated wounds (Fig. 4B ) was less for CSSs than for STAG. Mean percent ofsites covered in the first 2 weeks remained greater than 80% for STAG, but declined steadily for CSSs to between 50% and 60% (Fig. 4C) .
Qualitative outcome ofCSS and STAG was evaluated beginning on day 14 and proceeded as long as patients returned to the hospital for subsequent examination. Erythema in CSSs and STAG (Fig. 5A ) gradually resolved in healed areas, except where hypertrophic or keloid scar developed. Pigmentation (Fig. 5B ) was relatively constant in STAG and tended to be less than normal. In CSSs, pronounced hypopigmentation was observed for 1 to 2 months, after which a clear tendency of hyperpigmentation occurred. Gradually, hyperpigmented areas ofCSSsbecame lighter, and normalized to each patient's native color. Epidermal blistering (Fig. 5C ) occurred with no greater frequency in CSSs than in STAG. Any blisters that occurred has resolved by one month after grafting, and no subsequent ulceration of the epidermis ofthe healed CSS was observed. Surface texture (Fig. 5D ) of healed CSSs was generally smoother than STAG during the first 3 months after grafting. However, by 1 year after grafting, the surface texture ofCSSs and STAG was not different. Suppleness ofskin (Fig. 5E) was not different between CSSs and STAG during the observation period. Raised scar (Fig. 5F ) was less for CSSs at earlier observation periods, but was not different by 1 year. Table 2 shows the ratio of areas healed with CSS to area ofskin biopsies from which CSS were prepared. Expansion ratios ranged from 1.23 to a maximum expansion ofarea of 37.4 times. The maximum expansion accomplished with CSSs in this study represents a ninefold increase over a 4:1 meshed autograft, and has reduced the requirement for harvesting of autograft in this patient.
To assay for antibodies to bovine collagen that was im- skin substitutes is more red-pink than split-thickness autograft, which progresses from pink to white with differences at 8, 9, 10, and 14 days of observation. (B) Keratinization of cultured skin substitutes is significantly less than split-thickness 2, 4, 7, 8, 10, and 14 days after grafting. (C) Percent of site covered with cultured skin substitutes is significantly less at days 10, 1 1, and 14 after grafting.
planted as part ofthe skin substitute, Enzyme-linked immunosorbent assays were performed. Table 3 presents data from 11 patients from whom serum samples were collected before and 28 days after treatment with CSSs. Enzyme-linked immunosorbent assay values for CSStreated patients were not statistically different from preimmune sera from patients or rabbits. Control sera from immunized rabbits were statistically different from all other groups.
DISCUSSION
Data reported here support the hypothesis that CSSs prepared from autologous skin cells and collagen-GAG membranes may be a safe and efficacious alternative to skin autograft for life-threatening burns. However, the data also identify multiple deficiencies of this cell-biopolymer graft that occur during the first 2 weeks after grafting compared with skin autograft. These deficiencies include, but are not limited to: slower vascularization, slower keratinization, greater graft loss from microbial contamination, and greater mechanical fragility. Findings of this study also show that epidermis from CSSs stabilizes by 2 weeks, does not blister subsequently, and has outcome that is not different from autograft 6 to 12 months after treatment. Future improvements in composition and use of CSSs are expected to increase rates ofinitial engraftment.
Although mean rates of engraftment for CSS at 2 weeks are significantly lower than for autograft (Fig. 4C) , absolute rates of CSS engraftment have increased during the course of the study (Fig. 3A) . Four epithelial barrer in vitro. 30 Together, these factors have resulted in greater survival and engraftment of transplanted autologous skin cells. Epithelial coverage ofexcised burns with cultured epithelium occurs by two distinct processes-engraftment and radial outgrowth. Studies with cultured epithelial 
